fects on solute dispersion. Studying the abrupt passage from a coarse to a finer-textured layer, Koch and Flü hler
rate-dependent and may change at the lower flow rates.
tive artificially high dispersivity values. Velocity and dispersivity valAlso, structural discontinuities between layers may inues immediately above the clay layers, however, seem more reliable terrupt pore-scale transport processes. Therefore, prefdue to convergence and more lateral mixing induced by a larger water erential flow may be disrupted at such boundaries. Lay-
content. Following the criteria derived from the Chuoke equation, we
ering may additionally generate a local saturated zone show that the subsoil can be subjected to fingering flow. We found above the interfaces due to textural or capillary barriers. are activated when moisture content at higher flow rates. Other studies showed that water content decreases the apparent dispersivity (Maraqa et al., 1997; Nü tzmann A lthough horizontal layering is a common feature et al., 2002) and explained this by the flow paths becomof most soils and subsoils, solute transport through ing less tortuous when the moisture content increases. unsaturated stratified natural porous media is still poorly Finally, wetting front instability may be induced just understood. Transport in stratified media is affected by below a structural interface. It has been observed for a series of processes at the interfaces of the different many years that vertical flow from a fine to a coarselayers, thereby influencing the continuity of the transtextured layer is a condition that promotes fingering and port process. As shown by Flü hler et al. (1996) and Forwetting front instability. Observations in laboratories rer et al. (1999) , layering may have a considerable effect under various conditions have been reported by several on solute dispersion. They found that soil stratification authors (Hill and Parlange, 1972; Glass et al., 1989a ; induces two-or three-dimensional transport processes, Baker and Hillel, 1990; Wang et al., 1998b ; Sililo and Telwhich then modify the degree of lateral mixing. This lam, 2000). Using a simple descriptive approach, Hillel may occur for several reasons. First, layering is often and Baker (1988) introduced the concept of water entry related to a significant textural change across the intersuction e as the maximum suction (in absolute value) face. At steady state, this sharp change in effective pothat will allow water to enter an initially dry porous rosity forces streamlines to converge or diverge to ensure matrix. If the potential flow rate at e in the lower layer flux continuity. Little is known about the connectivity exceeds the actual discharge through the upper layer, of the liquid phase between two different porous media then the flow paths tend to constrict and concentrate with different volumetric water contents and their efinto individual streams (Hillel and Baker, 1988) . This was further confirmed experimentally by Wang et al.
uniform moisture content distribution. This finding was transfer function theory (Jury and Roth, 1990) . Huang et al. (1995) calibrated the CDE to BTCs measured at experimentally confirmed by Dicarlo et al. (1999) .
The effect of fingering on solute transport is multiple. each meter in a 12.5-m-long column filled with heterogeneous materials. They observed that the presence of Glass et al. (1989a) compared observed breakthrough curves (BTC) of a blue dye solution in a two-layered dislayers perpendicular to the flow direction had a decreasing effect on the apparent dispersivity. Vanderborght turbed soil with simulations of the convection-dispersion equation (CDE), assuming homogeneous flow. The auet al. (2001) studied the scaling of the apparent dispersivity for a series of Belgian soil types and linked spatial thors performed a series of infiltration experiments with different initial water content profiles and application aspects of the apparent dispersivity to morphological features in the soil profile. They also showed that cetimes. Three different cases were reported: (i) a uniform, homogeneous flow case; (ii) a very structured flow field mented or clay layers with relatively high bulk densities and lower conductivities promoted lateral mixing. with well-defined fingers; and (iii) an intermediate case with fewer differences between fingers and matrix flow.
The impact of layering on transport can be studied by analyzing the lateral mixing regime and hence the They found that the apparent dispersivity obtained from CDE optimization for the first two cases was roughly the spatial scaling of the apparent dispersivity. In a companion paper (Javaux and Vanclooster, 2004), we presented same, whereas for the third case, this factor was 2 to 10 times higher. Conversely, the apparent velocity was higher a methodology to assess the spatial scaling of the apparent longitudinal velocity and apparent longitudinal disfor Case ii than for Case iii and lower for Case i. This suggests that, for fingered flow only, transport takes place persivity in a large-scale unsaturated natural sedimentary formation situated between an infiltration lake and through a much smaller volume at a higher velocity, but that the dispersion process is not affected. However, an unconfined aquifer. Our objective here is to characterize the soil hydrodywhen a supplementary mixing process due to interactions between matrix and finger flow is added, the apnamic behavior by analyzing in detail the velocity and dispersivity profiles. Discrepancies between the obserparent heterogeneity could be increased by means of a fluid-induced term, and the apparent dispersivity could vations and predictions with the classical CD transport model through layered soil are investigated, and several increase. However, divergence phenomena in the wetting part of soils have been observed by several authors hypotheses are proposed to explain the discrepancies. Particular attention is devoted to the representativity (Wang et al., 1998a; Sililo and Tellam, 2000) . For example, Bauters et al. (2000) showed that wetting front staof the porous cup solution samplers that were used to characterize effective flow. bility was dependent of the initial volumetric soil water content in a sand.
The scaling of the apparent dispersivity along the THEORY transport pathway is a good indicator of the mixing Apparent vs. Local Parameters of Layered Soils regime and a key to understanding the impact of layering on effective transport. In their solute pulse experiIn the following, parameters characterizing a given layer ment at the plot scale, Butters et al. (1989) observed will be referred to as "local," whereas parameters representing an ensemble of layers or the formation will be called "apparthat the apparent dispersivity increased linearly in the ent." Consider a medium of depth z composed of n macrotop three meters of soil, and decreased nearly 30% after scopic homogeneous layers of width z i. If the transport process passing through a relatively thin fine-textured soil layer.
is in layer i (considered as semi-infinite) is CD, the mean and Roth et al. (1991) [1b] their soil was largely controlled by the spatial pattern of the thickness of the B horizon. Porro et al. (1993) performed a series of leaching experiments through disThe apparent (also called effective) longitudinal dispersivturbed uniform and multilayered soil columns. They ity L at depth z of a n-layered medium is defined as (Sim- noticed that the dispersivity was smaller for the layered mons, 1982): soil and attributed this to the lateral mixing in these soils. Snow et al. (1994) performed inert solute transport
[2] experiments in a layered soil at the lysimeter scale. They calibrated the CDE model below the surface layer indewhere pendently of the layering. The surface layer, however, could not be used in the calibration procedure since the
[3] transport process differed substantially. In their study, transport through independent soil layers, from the top is the total travel time. It can be shown that the mean and variance of t are defined as layer to the rest of the monolith, was modeled using
the modeled parameter with Eq.
[5] and [7] , and n is the number of data (n ϭ 7 if all depths are used in the inversion). We did not inversely obtain the complete distribution of ap-
parent parameters at each depth, such as characterized in Javaux and Vanclooster (2004) , but rather obtained a single where ij is the correlation coefficient of the local scale travel realization of possible apparent parameters. For the present time between two adjacent layers i, j. Two asymptotic situainversion, we chose this set of apparent parameters, which tions can be investigated: perfectly correlated local travel times resulted in terms of a minimum error in describing PCS ob-( ij ϭ ji ϭ 1) or independent local travel times ( ij ϭ ji ϭ 0 served solute transport. if i ϶ j ). Here we focus on independent local travel times for which, if steady-state flow conditions (J w ϭ v L / ϭ cst) are valid, the apparent dispersivity at depth z can be derived from 
RESULTS AND DISCUSSION

Test of Basic Assumptions
Uncertainty exists regarding the interpretation of the
PCS data. The type of concentration (resident or flux) which is measured by a PCS depends on the boundary conditions and the structure of the soil. We performed the inversion by means of two different models (Eq.
A general assumption inherent in Eq.
[5] is that all layers
[13] and [14] of Javaux and Vanclooster, 2004) , thereby are considered to be semi-infinite. Barry and Parker (1987) considering PCS data as either resident or flux concengave the solution for a two-layered medium for which the tration data. As shown in Fig. 1 , concentration type does first layer is finite, and the second infinite, and with a zero correlation between the travel time of both layers:
not significantly affect the apparent parameter values at the different depths. For this reason, only results that consider PCS Cl Ϫ concentrations as resident concentra-
tions will be used in the rest of this paper.
To test the steady-state flow assumption, we divided
the Cl Ϫ time series data set into two parts and inverted them separately (from Time 0 to 4000 and from 4000 to Fig. 2 . By comparing the apparent velocity and the apparent dispersivity explicitly depends on the soil water dispersivity distributions, we could evaluate the assumpcontent profile. This was also shown for homogeneous soils tion of having a constant flow rate. Figure 3 shows the (Vanderborght et al., 2000) .
optimized apparent parameter distribution (mean and
The apparent longitudinal velocity is not influenced by the standard deviation) vs. depth resulting from the invercorrelation of the local travel times, and thus is the same for sion of (i) all, (ii) early time (the first half), and (iii) the any mixing regime assumption:
second half of the PCS data. Notice that the apparent parameters for the different periods change significantly
for the first layer and for the lower part of the profile. These are those part of the profile affected by changes in the boundary conditions (see Fig. 4 in Javaux and Vanclooster, 2004) . It should also be noted that parameters for the bottom of the profile are better defined when MATERIALS AND METHODS considering the first part of the PCS time series data.
An in situ, large-scale transport experiment was performed
We also note that those parameter sets that are mostly in a natural unsaturated sedimentary deposit. The experimeninconsistent with the steady-state hypothesis (i.e., patal data set and the methodology to obtain the apparent total rameter sets for which the means of the first part, the dispersivity and velocity in terms of depth was described in second part, and the entire dataset are substantially detail in Javaux and Vanclooster (2004) . Using data from that experiment, Eq.
[5] and [7] can be used to infer the local disdifferent) have the largest uncertainty due to interpolapersivity and local velocity from the apparent parameters.
tion of the input Cl Ϫ time series. However, given that However, since these equations are not explicit, inverse modthe general shape of the parameter profile is preserved, eling must be performed. For this purpose, we involved several it is still possible to elucidate the effect of layering on assumptions to simplify the problem. We considered that the the transport parameters. the average time necessary for a hypothetical input pulse of solute to reach a given depth z. This variable can be
estimated by dividing, for each depth, the probe depth z by the estimated velocity v L . Mean arrival time histothat all water in the unsaturated zone is mobile, and that the water content profile is known (Fig. 2 in Javaux grams are given in Fig. 4 . These histograms allow a comparison between depths and detection of possible and Vanclooster, 2004), the piston flow velocity profile can be calculated using Eq. [7] . Results are shown in preferential flows. In our case, the histograms in Fig. 4 reveal some deviations from a uniform transport pro- Fig. 5 . Notice that the J w value does not influence the shape of the velocity profile but only the magnitude of cess. Travel times to the 4.86-m depth are less than those to the 2.83-, 3.89-, and 4.4-m depth, which means that, the velocities. Also, the apparent flow velocities at the 4.4-and 4.86-m depths (PCS 5 and 6, respectively) again if strictly convective transport occurred, solute particles would first pass through the deepest layer and then do not match the piston-flow profile. Moreover, if we focus on the sand layer between depths of 1.2 and 4 m move upward.
Comparisons between estimated apparent velocities (PCS 2, 3, and 4), we observe that the piston-flow steadystate velocity profile tends to increase up to a depth of and piston flow velocity (v ϭ J w /) also help to characterize the transport-active part of the wetted pore space 3.5 m. On the other hand, apparent velocity profile decreases between the 1.2-and 3.5-m depths. (Jury and Flü hler, 1992) . Assuming that J w ϭ 0.2 cm d Ϫ1 (chosen to fit the optimized mean velocity at depth 1), Discussion
In the previous sections, we showed that velocity variations could not be explained by water content changes only. This discrepancy reveals a change of the mobile/ total water ratio along the transport path because of the presence of flow processes that are not strictly vertical. Generally, large velocities are observed immediately below the clay and sand layer interfaces. Between 1.2 and 4 m, the observations can be explained if we consider that solute moves through several fingers in the upper part of the layer. With increased travel depth, and larger water contents due to the less conductive underlying clay layer, lateral mixing increases and the apparent longitudinal transport velocity diminishes. In the lower part of the profile, below 4 m as already reflected by the mean travel time profile, by-pass flow likely occurs.
Alternatively, the discrepancies between piston flow and our data can also be attributed to a lack of represen- inverse modeling are that the PCS samples, at least, the same stream tube, so that continuity exists between a variable flow regime could be generated by a combinathe observations at different depths. This is not necestion of lateral variability in the hydrodynamic paramsarily the case in our study. The results suggest that the eters, thereby promoting three-dimensional heterogeratio between the PCS sampling window and the repreneous flow, together with convergence and divergence sentative transport process volume is less than unity.
of flow paths. They also suggest that another PCS placed at the same Three-dimensional flow patterns could result from disdepth could sample another stream tube, resulting in continuities in the horizontal fine-textured layers, thus different hydrodynamic parameterization.
forcing solute mass to circumvent the PCS sampling winThe sampling window of the PCS is known to be reldow. Fingering flow additionally could have occurred in atively small, and varies in terms of the boundary condithe upper part of the sandy layers, which are confined by tions that have been imposed on the flow process and a clay layer. In that case, PCS locations could have been the operational mode of the PCS (e.g., Hart and Lowery, bypassed if preferential flow occurred locally (Shaffer 1997) . Since the operational mode and the imposed bounet al., 1979) . Lateral divergence of the solute plume, endary conditions were the same for all PCS in the experiment, other processes are needed to explain the observed variation of the flow processes. We hypothesize that such hanced by wetter water conditions and finger aggregaa layered soil will be a function of the thickness of the tion, could be expected in the lower part of the profile, individual layers, the water content profile in the layer, leading to a lower apparent vertical velocity. This could and the local dispersivity of each layer. To elucidate the explain the decreasing apparent velocity profile between impact of all these factors on the apparent dispersivity 1.2 and 4 m.
profile, we performed inverse modeling to compare the In our case, none of the above hypotheses can be remodeled dispersivity profile to our experimental data. jected a priori since the structure of our medium and
Results of the inverse optimization are shown in Fig. 6 , our actual flow field is not completely known. Still, the while the optimized local dispersivity values are given probes located just below the clay layers are most prone in Table 1 . A local dispersivity close to zero for the sand to sampling problems because of the lower water conand a value of more than 100 cm for the clay were tent and the potential for unstable flow. An analysis needed to explain the substantial decrease in the apparbelow of the dispersivity profile would help to confirm ent dispersivity through the sand layer between 1.2 and this last hypothesis. 4 m. Those values are completely out of range of usual local dispersivity values (e.g., Beven et al.. 1993 ) for coarse or fine-textured media, which suggests that the
Dispersion Process
absolute dispersivity values do not have much physiDispersivity Profile cal meaning. We now briefly discuss the effect of the water content A typical apparent dispersivity profile is given in Fig. 1 profile on the apparent dispersivity. If a nonuniform (right). Transport across the first and second clay layers soil water content profile is assumed, as presented in Fig.  produces an increase in the value of the apparent disper-2 in Javaux and Vanclooster (2004), then the theoretical sivity. A similar effect is less clear below the third clay apparent dispersivity would remain relatively constant layer. Also, the apparent dispersivity declines signifibetween 1.2 and 4 m. Conversely, if a uniform moisture cantly through the homogeneous second sand layer (beprofile is assumed, a nonuniform decreasing apparent tween 1.2 and 4 m). This is inconsistent with numerous dispersivity profile would be calculated. This latter situafield-and column-scale transport experiments, which tion coincides with the observed apparent dispersivity illustrate an increase in the apparent dispersivity with profile. To test this assumption, Eq.
[5] was fitted to depth in heterogeneous media (Butters and Jury, 1989;  the dispersivity corresponding to the lower depths only, Vanderborght et al., 2001 ). a constant local dispersivity, the apparent dispersivity in while considering the subsoil between 0 and 4.7 m as a immediately below the clay layers (at depths of 1.9, 4.46, and 4.86 m) and lower velocities above those layers homogeneous sand. We obtained a dispersivity of 83 cm for the clay and 0 cm for the sand layers. These (at the 1-and 3.89-m depth). At the same time, peaks observed in the PCS Cl Ϫ time series (Fig. 2) seem to be unrealistic values again suggest that more complex processes must be taken into account and/or more measureless sharp at these depths, whereas higher velocities correspond to sharper peaks (see peaks after Days 2500 ment points are needed to predict solute transport under the lake.
at the 1.9-, 4.86-, and 5.86-m depth). Because of more lateral mixing and converging flow generated by higher water contents and lower velocities, one may expect that Discussion PCS located just above clay layers are more representaOur comparison of a layered CD model with the obtive of the leaching velocities. However, the mixing served data showed that the dispersivity profile could above the fine-textured layers is not complete since not be completely explained by the model (Eq. [5]), earlier arrival times are observed just below those layers. leading to unrealistic local dispersivity values. However, This can partly be explained by discontinuities in the we note that at least some agreement existed between clay layers, which may locally induce large transport the shapes of the simulated and observed dispersivity velocities. Moreover, the PCS located below the clay profiles if the clay has a large dispersivity value. This is layers are more likely to provide nonrepresentative samespecially true if a uniform effective water content proples of the process because of the possible presence of file is considered between 1.2 and 4 m, which allows unstable flow. If the sampling window does not encomone to calculate a decreasing dispersivity profile.
pass several fingers and matrix flow areas at the same The discrepancy between the model and the observatime, then apparent dispersivity values should be aftions can be attributed to nonrepresentative sampling fected (Glass et al., 1989a) . Therefore, higher dispersivof the PCS at certain depths. However, other physical ity values observed at these depths are probably a result processes could also explain this apparent anomalous of nonrepresentative sampling. By comparison, the behavior. Unstable flow could develop below the claylower dispersivity values obtained for the bottom of the sand interface, thereby promoting a low transport velocsand layers are probably more reliable. ity in the matrix and a high velocity within the fingers, which initially will increase the dispersivity values. To- (Chuoke et al., 1959) for unstable flow in porous media. high local dispersivity value for the clay layers could be
To check the susceptibility of our soil to fingering, the an indicator of unstable flow taking place at the clayfollowing inequality must be used. Unstability is presand interface. The zero value of dispersivity for the sand dicted when could reveal the finger convergence process and lateral |V| Ͻ V crit Ϫ V cap [9] mixing in the wetter part of the profile. It is worth noting that such CD phenomena do not lead to a constant in which V is the Darcian flow rate, V crit ϭ K s |cos(␤)| is dispersivity value (Glass et al., 1989a) . We could expect the critical flow rate, with K s the saturated hydraulic that a water content-dependent dispersivity could imconductivity and ␤ the angle of flow with respect to gravprove the simulations of the apparent dispersivity proity (␤ ϭ 0), and V cap the capillary and viscosity-driven file and decrease local dispersivity estimates. flow rate. Considering that the flow rate is certainly lower The data also suggest that the clay layers may not be than 1 cm d
Ϫ1
, that V cap is negligible for a sand (Wang continuous. This could explain the concentration peaks et al., 1998a, 1998c) and that the saturated hydraulic observed at the 4.86-m depth (Fig. 2) , which are much conductivity is similar to what was observed for the sharper than peaks just above the clay layer (at the monolith (i.e., K s Ϸ 50 cm d Ϫ1 , Javaux and Vanclooster, 3.89-m depth) and almost as sharp as peaks observed 2003), we conclude that our soil profile is prone to finat the 1.9-m depth. This hypothesis is confirmed by the gering. Moreover, in addition to layering, increased air large velocity observed at the 4.86-m depth (Fig. 1) . We pressure in the unsaturated pores may be another factor note here that Javaux and coworkers (unpublished data, promoting unstable wetting fronts (Peck, 1964; Wang 2004 ) also observed a discontinuous clay layer in a et al., 1998c). Unfortunately, the air pressure in the pores monolith extracted from the same formation.
was not measured in our study but is expected to be positive given the boundary conditions of our system Effective Transport Processes and (i.e., an unsaturated layer between an aquifer and a lake).
Nonrepresentative Sampling Issue
Furthermore, many studies have shown that preferential flow paths created by a fingering process may be persisWe proposed nonrepresentative sampling as a possitent (Glass et al., 1989b; Dicarlo et al., 1999) . For these ble reason to at least partly explain the observations reasons we hypothesize that the upper part of the sand through PCS. Different flow paths with different leachlayer interbedded between the two clay layers exhibited ing velocities are sampled by different PCS. The results in Fig. 3 show that higher transport velocities occur a series of fingers separated by drier, less conductive regions. Continuous increase in water content with depth with travel depth, a finding that is also needed to explain the observed velocity profile. would subsequently enhance divergence of streamlines, resulting in more mixing between stream tubes, homogWe partly attributed the unrealistic dispersivity values and deviations between simulated and observed disperenization of the vertical flow field, and a decrease in the apparent dispersivity. Sandy layers between two finesivity profiles to a lack of representativity of the PCS time series. This is because the PCS sample only local textured layers would then behave similarly.
We note that transport in the bottom layer of the proflow domains, while their sampling windows are a function of the velocity field induced jointly by the variable file was influenced by the capillary fringe of the aquifer. Similarly as for the upper layer, transport toward the botboundary conditions and the heterogeneity of the porous medium. The PCS located immediately above the tom of the profile must have been affected also by the unsteady-state boundary conditions (i.e., influence of clay layers likely sample a larger flow domain. Larger water content may induce convergence of streamlines the long term regional groundwater flow; see Fig. 4 in Javaux and Vanclooster, 2004) . These changes in flow and increase lateral mixing. The lower dispersivity values observed at lower parts of the thick sand layer beand/or water content change may stabilize the front or mask the actual mixing mechanisms using a steadytween 1.2 and 4 m depth confirm this assumption. Conversely, the larger dispersivity values just below the clay state analysis. layers more likely reflect the nonrepresentativity of the PCS samples due to the large flow variability and unsta-CONCLUSIONS ble flow. The relatively small spatial sampling scale of the PCS and their low spatial resolution limited reliable Solute transport through unsaturated layered soils is assessment of the mixing regime. still a poorly understood process. Several complex proConsidering criteria derived from Chuoke et al. (1959) cesses at the layer interfaces, such as fingering flow or and the fact that a positive air pressure may have develconvergence or divergence of streamlines, complicate a oped in the air phase of the vadose zone for the specified reliable analysis and accurate modeling of transport in boundary conditions, we hypothesize that the increase in such media, particularly at the larger scale. We estimated dispersivity directly below the clay-sand interface could apparent transport properties by inverse modeling of be due to unstable flow processes, and that finger aggrethe governing flow equations, assuming steady-state flow gation and lateral mixing lead to a reduction in the apassumptions. Uncertainty in the input Cl Ϫ time series proparent dispersivity when the subsoil becomes wetter. It duced considerable scattering in the observed transport is important to note that this process probably remained properties. Notwithstanding this scatter, depth scaling stable for the 17 yr of observations, especially since the of the transport properties could easily be demonstrated fine-textured layer regulated the flow rate through time, (Javaux and Vanclooster, 2004) . Solute transport in unthereby creating a quasi-steady-state flow condition. saturated layered soil profiles appears to be influenced considerably by stratification. Highly variable flow in ACKNOWLEDGMENTS our study was induced by clay layers found within a sandy Tertiary deposit. By comparing piston flow and loWe would like to dedicate this paper to Emeritus Professor cal velocity profiles, flow processes that were not strictly L. De Backer who initiated this research 18 years ago, when vertical could be elucidated at the lower depths of the convincing the authorities of the university of the need to study formation. In the upper part of a large sand layer betransport processes in unsaturated media, supporting the management of water resources in the newly created city of Loutween 1.2 and 4 m, the velocity decreased with depth, vain-la-Neuve. His encouragement and enthusiasm have always whereas the water content remained nearly constant. crease transport and that discontinuities exist in the clay layers. With increased travel depth and higher water
